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Highly anisotropic LC material with low dielectric loss for the 
application of tunable notch filters 
We present here a compact liquid crystal (LC) based tunable notch filter with a 
narrow 3 dB bandwidth and a high quality factor. The structure of the proposed 
filter consists of two embedded resonators in serial, with an impedance adaptor and 
linear taper at each port. The notch filter combines tunable dielectric material LC 
with inverted microstrip technology, and was designed, fabricated and 
characterized to deliver a continuously tuned rejection frequency range from 3.545 
GHz to 3.731 GHz, together with a narrow 3 dB bandwidth of ~ 0.8 GHz and a 
high quality factor of ~ 4.6. Such a notch filter is both compact (41 mm ×13 mm) 
and light weight (18.08 grams, including SMA connectors). It is suitable for 
working in the S band to suppress WiMAX signals that may cause interference in 
UWB communication systems. The narrow stopband and high quality factor of the 
device can be further improved at the expense of a certain extent of tuning 
efficiency, by using a thicker LC layer, and this is verified in experiment. The 
measured results of the proposed devices confirm the feasibility of using the 
current LC technology to manufacture tunable notch filters with a narrow 
bandwidth and a high quality factor.  
Keywords: Tunable microwave devices; Tunable notch filters; Narrow stopband; 
Liquid crystal materials. 
1. Introduction  
Liquid crystal (LC) materials have been attracting attentions as excellent electro-optic 
materials for the low driving voltage, low power consumption, and a high degree of 
anisotropy (in shape, dielectric and optical). Nowadays, LCs have been demonstrated in 
a plenty of applications, such as LC based flat panel displays, optical fibers, photonic 
metamaterials, memory devices, etc. [1–6]. Over the last twenty years there has been 
growing interest in their use LCs as tunable dielectrics for microwave (MW) applications. 
LC based tunable phase shifters, filters, capacitors, resonators, and antennas have been 
extensively developed [7–12]. Bandstop filters (BSFs) are key devices for MW systems 
due to their ability to attenuate unwanted signals. BSFs with a narrow stopband and a 
high quality factor, known as notch filters, are particularly useful for suppressing spurious 
frequencies and noise signals [13,14]. BSFs with reconfigurable characteristics, such as 
those adopting LC technology, are even more attractive for further extending the potential 
of MW systems [8,13,15]. 
LC based BSFs with narrow bandwidths have been achieved by optimizing filter 
structures to overcome the effect of the losses due to the LC material. For instance, a LC 
based BSF possessing a relatively wide stopband was reported in [15], suggesting that 
LC materials are not suitable for use in obtaining a narrower stopband due to their high 
dielectric loss in the working frequency range. However, according to [13], when using 
conventional spurline structures, LC based notch BSF devices exhibited narrow 
stopbands. Another LC based BSF was proposed with an unconventional spiral spurline 
structure that further narrowed the stopband bandwidth [8]. With the development of LC 
technology, more and more LC materials with high anisotropy and low dielectric loss 
have been used in MW systems. The development of LC based MW devices with much 
improved performances can therefore be expected, and  how to achieve the desired 
performances of tunable notch filters in the S band (2-4 GHz) by using the current LC 
technology  needs to be investigated. 
In this work, we will present a narrow stopband BSF that incorporates a high 
anisotropic LC material with low dielectric loss and an optimized ML structure. The 
proposed BSF would be of practical use in MW applications due to its advantages over 
several existing LC based BSFs. Firstly, its compact structure makes it more suited to 
integrate into microstrip antenna edges, and many other satellite communications 
applications [16]. Secondly, the high Q factor of this embedded spurline BSF structure is 
particularly useful for filtering out spurious frequencies and noise signals without too 
much influence on the required signals, due to it producing less radiation than other 
conventional shunt-stubs and coupled structures [13,17]. Another benefit of this 
embedded spurline structure based BSF is the ease of its manufacture and integration. 
Ultra-wideband (UWB, 3.1-10.6 GHz) technology is very attractive and 
promising as a form of transmission that occupies a very wide bandwidth to offer high 
data transmission rates for applications such as short-range high-throughput wireless 
communications, and medical imaging [13,18]. The fact that UWB transmissions cross 
the boundaries of some currently licensed frequency bands implies that UWB 
transmission may cause interference. This raises the need for BSFs with extremely narrow 
stopbands to attenuate unwanted inference signals. The BSF reported here was 
particularly designed to attenuate the interference of Worldwide interoperability for 
Microwave Access (WiMAX, 3.3-3.6 GHz) in the UWB range of applications. 
2. Filter structure and design procedure 
The device configuration of the proposed LC based narrowband BSF is depicted in Figure 
1. LC material is sandwiched between an aluminium metal ground and Rogers 4003C, of 
which the relative permittivity 𝑟 = 3.55, the dielectric loss  tan 𝛿 = 0.0027, and the 
thickness 𝑡 = 1.524 𝑚𝑚 . The BSF ML structure formed on the Rogers substrate is 
inversely configured to face the LC layer. The ML is 0.017 mm thick. The ground plane 
is etched to insert the SMA contact and for ease of fabrication. Due to the liquid-like state 
of the LC, the SMA contact doesn’t touch the LC layer directly, hence the impedance 
adaptors at both ends with width 𝑊3 shown in Figure 1 are designed to eliminate the 
impedance mismatch caused by the change in substrate between the air and the LC 
material [19]. The best impedance match that could be obtained by simulation has a width 
of 𝑊3 = 2.5 mm, and  𝑊1 = 0.245 mm. The linear taper lines with length 𝐼3 at both ends 
were adjusted to cope with the change in ML width in order to minimize any induced 
reflection. 
 
Figure 1. Schematic diagram of the proposed LC based tunable narrowband BSF. 
The final dimensions of the designed device structure are: 𝐼1 = 11.5 mm, 𝐼2 =
11.7 mm, 𝐼3 = 2 mm, and  𝐺1 = 𝑊2 = 0.13 mm. The proposed LC based narrowband 
BSF is capable of continuously and selectively attenuating the licensed WiMAX bands 
by driving the LC material. The following sections describe the design strategy and the 
measured characteristics of the fabricated BSF. 
2.1: Theoretical analysis and comparison of spurline and embedded spurline 
structure units 
Spurline structures shown in Figure 2 (a) are commonly used to form BSFs, and the 
structures have in the past been studied in detail and used for LC based tunable bandstop 
filters [8,13]. However, the use of an embedded spurline structure, as shown in Figure 2 
(b), to produce a narrow bandstop performance has been less adequately investigated. The 
working principle behind these two structures is based on a general interference theory of 
transmitted and reflected waves, as shown in Equations (1) – (4) below. By adjusting the 
resonator length S and the effective relative permittivity of its substrate, a quarter-
wavelength resonator can be designed to target a central frequency  𝑓0.  
         ∆S = 2𝑆 = 𝑛 × 𝜆𝑔 +
1
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When n=0: 
                            𝑓0 =
𝑐
4𝑆×√𝜀𝑒𝑓𝑓
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where 𝜆𝑔 and 𝑒𝑓𝑓 are the guided wavelength at the stopband centre frequency, 𝑓, and the 




that there is a 180° difference between the phases of the waves, which means that they 
are in anti-phase. One of the key design strategies in order to obtain a high Q factor and 
a narrow stopband bandwidth for the BSF is choosing a suitable resonator structure. To 
achieve this, we carried out a comparative analysis of the performance characteristics of 
the two structures. 
Figure 3 is the simulated transmission characteristics of the BSFs with the same 
substrate and resonator dimensions as shown in Figure 2. It shows that the embedded 
spurline structure has a narrower 3 dB stopband than that of the spurline structure. The 
current density distribution on each filter structure further supports such behaviours. 
Figure 4 displays the current density distribution of both structures with the same 
dimensions (𝑤2 =  𝑤1 =  𝐺1 = 0.13 mm)  at the rejection frequency of 3.725 GHz, 
where the colour index represents the amplitude of the current density. At the rejection 
frequency of 3.725 GHz, their currents are not equally distributed. The low current 
densities at the outputs indicate that these structures sharply reject the 3.725 GHz signal. 
As the quarter-wavelength resonators each have the same width 𝑤2, the current density 
of the resonator part with length 𝑆 can be compared to estimate the stored MW energy of 
these two structures. The embedded spurline structure has a higher current density due to 
the stronger coupling between the resonator part and its main transmission lines, which 
results in a narrower stopband and a larger Q factor.  
 
Figure 2. Prototype of (a) Spurline structures and (b) embedded spurline structures. 
 
Figure 3. Transmission ( |𝑆21| ) comparison of the spurline and embedded spurline 
structure prototype.  
 
Figure 4. Current distribution at the rejection frequency of 3.725 GHz for (a) the spurline 














2.2: Theoretical analysis of the notch characteristics of the embedded spurline 
unit 
Based on the above discussion, the embedded spurline type was selected due to its high 
Q factor and narrow stopband bandwidth. The next step was to analyse the effects of its 
dimensions (gap 𝐺1, and width 𝑤2 of the resonator) on the performances of the BSF. The 
effects on the gap and width on the stopband are shown in Figure 5 (a) and (b) for the 
nominal values  𝑤2 =  𝑤1 =  𝐺1 = 0.13 mm. Their current distributions are shown in 
Figure 5 (c). The total amount of stored energy can be calculated by integrating the current 
density. A smaller gap 𝐺1, and a smaller resonator width 𝑤2 led to a more concentrated 
current on the resonator section, which results in a smaller stopband bandwidth and a 
larger Q factor, as shown in Figure 5 (a) and (b). 
  
 
Figure 5. The effects of (a) gap 𝐺1 , and (b) resonator width 𝑤2 , for the notch 
characteristics of the embedded spurline unit, and (c) current distributions at a stopband 




2.3: Optimization of the filter structure 
In spite of the high Q factor, the rejection level of the embedded spurline structure was 
around -20 dB, as shown in Figure 5. In order to improve the rejection level and also meet 
the 50 Ω  impedance requirement, tapered line technology and multiple embedded 
spurline resonators were used. Initially two structures were proposed. One used two 
embedded resonators in series, and the other configuration used them in parallel, as shown 
in Figure 6 (a) and (b). Figure 6 (c) shows the transmission of BSFs incorporating these 
two structures, with nominal values of 𝑤2 =  𝐺1 = 0.13 mm. Figure 6 (d) shows the 
current distributions of each of the structures. The performance of the serially embedded 
resonator based BSF was clearly much better than that of the parallel structure based BSF, 
both in terms of the Q factor and the rejection level.  
 
 
Figure 6. Comparison of structures with two embedded spurline units (a) in series and 






2 resonators in series





2.4: Analysis of the effect of the LC material for notch characteristics 
The influence of the LC material losses on MW device performances is often significant 
and cannot be ignored. In general, in a high frequency regime (>10 GHz), LC materials 
have the advantage over some conventional tunable materials, such as ferroelectrics, in 
terms of low material losses. At frequencies below 10 GHz, however, LC materials are 
relatively lossy. Considering the working frequency range (3–4 GHz) of the designed 
BSF, it is necessary to select the appropriate LC materials for performance of the BSF. 
Therefore, the effects of the LC material dielectric loss tangent on the LC based BSF 
performance were studied. 
This analysis was carried out for the single embedded spurline structure shown in 
Figure 2 (b), with the nominal values of  𝑤2 =  𝑤1 =  𝐺1 = 0.13 mm . As a guiding 
principle, the results should be applicable to the eventual structure. Figure 7 (a) shows 
the simulated transmission properties when varying the material loss tangent, and 
indicates that increasing the loss tangent of the LC material is detrimental to both the 
rejection level and the Q factor. For tan 𝛿 < 0.01, the material loss effect on attenuation 
and the Q factor tended to become saturated, which indicates a limitation to the required 
material loss for improvement of the quality of the BSF. That is, LC materials with a 
dielectric loss tangent ~ 0.01 are good enough for use in narrow stopband BSF design. 
The current distribution presented in Figure 7 (b) complementally shows how the current 
density gradually changes with a decrease in the LC loss tangent to improve the Q factor 
and attenuation at the rejection frequency. Based on the analysis, the LC material GT3-
24002 (Merck) was chosen for its acceptably low dielectric loss and high dielectric 
anisotropy. Its material properties at 10 GHz and 23 ℃ are as follows: ⊥ = 2.5, ∥ =
3.2,  tan 𝛿⊥ = 0.0123 , and tan 𝛿∥ = 0.0032 . The regulating of dielectric permittivity 
between ⊥  and ∥  under the control of external bias voltage leads to the continuous 
tuning of filter’s central frequency  𝑓0 according to the equation (4).  
 
 
Figure 7. (a) The transmission characteristics of the embedded spurline unit, and (b) 
Current distributions at the rejection frequency, when varying the LC dielectric loss 
tangent tan 𝛿. 
3. Implementation and experimental results 
The proposed BSF was fabricated with the structure shown in Figure 1. The fabricated 
device had a compact size of 41 mm (L) by 13 mm (W), and a light weight of 18.08 
grams. The frequency response of the filter was characterized by measuring the scattering 
parameters using a one-port vector network analyser (VNA) Agilent 8722ET. Figure 8 
shows the measurement setup for the fabricated device. A square wave signal of 5 Hz 
was applied through a bias tee to switch the LC molecules, and subsequently regulate the 
performance of the filter. 
(a) 
(b) 
The measured transmission |𝑆21| for various bias voltages is shown in Figure 9 
(a). The rejection frequency of the fabricated BSF was 3.731 GHz under a zero bias 
voltage, corresponding to the lowest relative permittivity value ⊥ of the LC material. By 
enlarging the bias voltage, the resulting increase in the LC relative permittivity led to a 
decrease in the rejection frequency. The minimum rejection frequency of 3.545 GHz was 
achieved when a voltage of 20 Vrms was applied, when the LC layer was assumed to 
possess the largest relative permittivity ∥. The total tuned frequency range was 186 MHz, 
together with a tunability of 5.2% relative to the centre frequency of 3.545 GHz when 
fully biased. Figure 9 (b) shows the rejection centre frequency as a function of the LC 
bias voltage, indicating a nonlinear decrease in the rejection frequency as the applied 
voltage increases. The bias voltage range for obtaining a tuning of 11.3%–83.3% for the 
rejection frequency was 8 Vrms, from 4 Vrms to 12 Vrms. 
 
Figure 8. Experimental setup for measurement. 
According to the measured results shown in Figure 9 (a), the rejection level of the 
fabricated BSF reached ~ 22 dB, and remained almost unchanged when tuned from 0 
Vrms to 20 Vrms. Little variation was also found for the stopband 3 dB bandwidth and 
quality factor (Q factor) shown in Figure 9 (c), and both features are desirable for real 
applications. The average values of the 3 dB bandwidth and Q factor were 0.8 GHz and 






better than that of existing LC based BSFs with stub or spurline structures, and the result 
shows good agreement with the theoretical analysis [8,13,20]. 
 
      
Figure 9. Measured results of the device with respect to the LC bias voltage: 
(a) Transmission  |𝑆21| , (b) stopband rejection frequency, and (c) stopband 3 dB 
bandwidth and Q factor. 
In order to experimentally verify the effect of LC layer thickness on the device 
performance, the embedded BSFs were built based on other two various LC layer 
thickness of 70 µm and 200 µm, regardless of the impedance mismatching due to the 
change of LC layer thickness. The measured transmission properties of the three devices 
under the unbiased state and at a bias voltage of 20 Vrms are shown in Figure 10 (a). 
Figure 10 (b) shows the measured stopband 3 dB bandwidth. For the design with the LC 
layer thickness of 200 µm, its stopband 3 dB bandwidth is the smallest (~ 0.6 GHz) due 
to its lowest overall loss, though there is a worse reflection because of the impedance 
(a) 
(b) (c) 
mismatching. The fabricated devices with different thicknesses of the LC layer indicate 
that it is possible to optimize and achieve a narrower stopband at the expense of a certain 
extent of tuning efficiency, depending on specific project requirements. A comparison 
between this work and those LC based notch filters that were reported recently for C-
band and S-band applications is presented in Table 1. It is expected that the device with 
200 µm-thick LC layer would have a narrower 3 dB stopband and a higher Q factor when 
it meets the 50 Ω impedance matching. In addition, the improvement in the fabrication 
process such as smaller LC thickness variation could ameliorate device performance, and 
also lead to a better agreement on the measurement and numerical results. 
 
Figure 10. Measured results of devices with three LC layer thicknesses: (a) Transmission 
|𝑆21| under 0 Vrms and 20 Vrms bias voltage, and (b) stopband 3 dB bandwidth with 
respect to various LC bias voltages. 
The implementation of the BSF device suggests that it is possible to produce LC 
based BSFs with very narrow stopbands in the low MW frequency range (< 10 GHz), as 
long as suitable resonator structures are designed and an LC material that has a low 
dielectric loss is used. As LC technology develops, we expect that the performance of this 
LC based notch BSF, with its high Q factor and narrow stopband, will be further 
improved. The fabricated device is suitable for practical use in attenuating and 
suppressing the WiMAX signal that may cause interference in UWB systems. 
 
(a) (b) 












(GHz) at ∥  
Q 
factor 
[8] 3.4 -20 0.35 NA ~1.25 2.72 
[13] 4.45 -25 0.4 NA ~1.15 3.87 
70 µm 3.532 -29.6 0.21 GT3-
24002 
1.209 2.92 
130 µm 3.545 -22.1 0.186 GT3-
24002 
0.783 4.53 





This work demonstrates an innovatively designed tunable notch BSF based on tunable 
LC dielectric material. Experiments have shown that good device performance can be 
achieved through optimization of the filter structure using two serially embedded spurline 
resonators, and by selecting an LC material with low dielectric loss. The resulting filter 
was fabricated in an inverted microstrip structure using tapered line technology. 
Achieving the narrow 3 dB bandwidth of ~ 0.8 GHz, the high Q factor of ~ 4.6, and the 
acceptable rejection level of ~22 dB, the fabricated device provides an improved notch 
filter performance in comparison to other LC based BSFs reported in the literature. The 
proposed BSF also has desirable features such as both the measured 3 dB bandwidth and 
the Q factor remaining almost constant upon various external voltages. The ability of the 
BSF to tune the rejection frequency from 3.545 GHz to 3.731 GHz with high a Q factor 
makes it an ideal candidate to effectively suppress WiMAX signals for UWB 
applications. The device with 130 µm-thick LC layer was rebuilt with various LC layer 
thickness of 70 µm and 200 µm, and it indicates that the narrow stopband and high 
quality factor of the device can be further improved at the expense of a certain extent of 
tuning efficiency, by using a thicker LC layer. The performance of the proposed devices 
have confirmed the feasibility of using current LC technology to make tunable notch 
filters with good bandwidth and a good Q factor. With its tunable characteristics, narrow 
stopband, high Q factor, good attenuation, light weight, and simple and compact structure, 
the designed LC based notch filter is attractive for use in MW applications. 
The filter structure used here can be found in many research works, as it’s a well-
known quarter-wavelength resonator in conventional microwave field (as referenced in 
the original manuscript). While in this work, structural changes have to be made in order 
to achieve a compact tunable notch filter with a narrow 3 dB bandwidth and a high quality 
factor, especially in the case of using LC materials as the substrate (generally LC has 
relatively higher dielectric loss than conventional untuned substrates). Therefore, the 
geometrical parameters of the altered structure are investigated. Two quarter-wavelength 
resonators with series or parallel layout are also studied to improve the device rejection 
level while maintain its high quality factor. In addition, impedance adaptors and taper 
lines are adopted in order to adjust to the LC fabrication techniques.  
In addition, we have demonstrated the feasibility of using the current LC 
technology to manufacture tunable notch filters with a narrow bandwidth and a high 
quality factor. Owing to the relatively high dielectric loss of LC materials in frequencies 
lower than 10 GHz, previous LC based bandstop filters in literature usually possess worse 
quality factors. As the growth of LC technology, some types of LC materials with better 
quality have been developed, therefore investigating how the performances of tunable 
notch filters in the S band can be achieved by using the current LC technology is essential 
and meaningful. Hence, in this work we adopt a new LC material with a high anisotropy 
and a low dielectric loss to design a tunable notch filter for suppressing WiMAX signals 
in UWB applications. By optimizing the device from both of LC material side and 
structural parameters, the designed filter has been shown to have a narrow 3 dB 
bandwidth and a high quality factor. 
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